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ABSTRACT
We analyse the Catalina Real-time Transient Survey light curves of 835 spectroscopically
confirmed white dwarf plus main-sequence binaries from the Sloan Digital Sky Survey (SDSS)
with g < 19, in search of new eclipsing systems. We identify 29 eclipsing systems, 12 of which
were previously unknown. This brings the total number of eclipsing white dwarf plus main-
sequence binaries to 49. Our set of new eclipsing systems contains two with periods of 1.9 and
2.3 d, making them the longest period eclipsing white dwarf binaries known. We also identify
one system which shows very large ellipsoidal modulation (almost 0.3 mag), implying that the
system is both very close to Roche lobe overflow and at high inclination. However, our follow-
up photometry failed to firmly detect an eclipse, meaning that either this system contains a
cool white dwarf and hence the eclipse is very shallow and undetectable in our red-sensitive
photometry or that it is non-eclipsing. Radial velocity measurements for the main-sequence
stars in three of our newly identified eclipsing systems imply that their white dwarf masses are
lower than those inferred from modelling their SDSS spectra. 13 non-eclipsing post-common
envelope binaries were also identified, from either reflection or ellipsoidal modulation effects.
The white dwarfs in our newly discovered eclipsing systems span a wide range of parameters,
including low-mass (∼0.3 M), very hot (80 000 K) and a DC white dwarf. The spectral types
of the main-sequence stars range from M2 to M6. This makes our sample ideal for testing
white dwarf and low-mass star mass–radius relationships as well as close binary evolution.
Key words: binaries: close – binaries: eclipsing – stars: low-mass – stars: white dwarfs.
1 IN T RO D U C T I O N
Around 25 per cent of main-sequence binary systems have stars
that are close enough to each other that they will interact at some
point in their evolution (Willems & Kolb 2004). This interaction is
caused by one or both of the stars filling its Roche lobe and caus-
ing material to flow from one star to the other. This process can
often lead to a common-envelope (CE) phase. The CE phase gives
birth to very close binaries and is thought to lead to the creation
of some of the Galaxy’s most exotic objects, such as cataclysmic
variables (CVs), low-mass X-ray binaries, B-type subdwarfs (sdB
stars), double degenerates, short gamma-ray burst (GRB) progeni-
tors and millisecond pulsars.
 E-mail: steven.parsons@gmail.com
One of the most common outcomes of the CE phase are the
close detached white dwarf plus main-sequence (WDMS) binaries,
known as post-common envelope binaries (PCEBs). These systems
offer a unique opportunity to study close binaries without the added
complications of accretion; hence, these systems can provide us
with superb tests of both the CE phase itself and the longer term
angular momentum loss mechanisms that drive the evolution of
many interacting binary stars (Schreiber & Ga¨nsicke 2003).
There are now over 2000 known WDMS binaries (Silvestri
et al. 2006; Heller, Schwope & Østensen 2011; Liu et al. 2012;
Morgan et al. 2012), with the largest and most homogeneous cata-
logue presented by Rebassa-Mansergas et al. (2007, 2010, 2012a)
using data from the Sloan Digital Sky Survey (SDSS; York et al.
2000; Adelman-McCarthy et al. 2008; Abazajian et al. 2009).
Among these ∼1/3 are thought to be close PCEBs (Schreiber et al.
2010; Rebassa-Mansergas et al. 2011). This rise in the discovery
rate of PCEBs is reflected in a corresponding rise in the number of
C© 2012 The Authors
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eclipsing systems: 30 of the 37 currently known eclipsing PCEBs
were identified in the last 3 years. Many of these were identified by
observing large radial velocity variations in the SDSS subspectra
(each SDSS spectrum is the average of typically three 15-min expo-
sures or subspectra) (Nebot Go´mez-Mora´n et al. 2009; Pyrzas et al.
2009, 2012) or from searches for pulsations from the white dwarf
(Steinfadt, Bildsten & Howell 2008). However, an increasing num-
ber of eclipsing systems are now being discovered in large-scale
time-domain surveys such as the Palomar Transit Factory (PTF)
(Law et al. 2011, 2012), the multi-epoch SDSS photometric survey
(Stripe 82) (Becker et al. 2011)1 and a survey at the Isaac Newton
Telescope (Almenara et al. 2012).
By far the most successful search for eclipsing PCEBs was
made by Drake et al. (2009, 2010) using data from the Catalina
Sky Survey (CSS) and the Catalina Real-time Transient Survey
(CRTS). They discovered 26 eclipsing systems; 13 were previously
unknown eclipsing PCEBs, six were previously known eclipsing
PCEBs, three were eclipsing CVs, three were sdB+dM eclipsing
binaries and one turned out to be a double white dwarf eclipsing
binary (Parsons et al. 2011a). The primary aim of that study was
to detect transiting planets around white dwarfs, since even Earth-
sized planets would produce deep eclipses due to the small size of
white dwarfs. Therefore, Drake et al. (2010) selected their targets
from the white dwarf catalogue of Eisenstein et al. (2006) supple-
mented with additional photometric objects from the SDSS that
were selected using the (u − g, g − r) colour plane with a cut that
included the majority of the Eisenstein et al. (2006) white dwarfs.
This selection rejects PCEBs where the companion star noticeably
contributes in the g or r bands, and hence implies that the optical
colours of Drake et al.’s targets are dominated by their white dwarf
components. Therefore, the Drake et al. (2010) sample is heavily
biased towards hot white dwarfs with late-type companions.
Here we present a search for eclipsing PCEBs combining the
large catalogue of WDMS binaries spectroscopically identified in
SDSS (Rebassa-Mansergas et al. 2012a) with the detailed CSS
light curves of these objects. We recover all 17 previously known
eclipsing PCEBs contained in our target list, and identify 12 addi-
tional ones, plus one candidate eclipsing PCEB. The 12 newly dis-
covered eclipsing PCEBs have been followed up with high-speed
photometry.
2 DATA R E D U C T I O N
We selected all targets from Rebassa-Mansergas et al. (2012a) with
g < 19, a total of 966 systems. Not all of these systems have been
observed as part of the CSS and several targets were highly blended
with nearby stars, and hence the resultant light curves were very
poor. We discarded these systems, resulting in 835 light curves in
total.
The CSS has been running since mid-2005 and is designed to
discover near-Earth objects. It uses the 0.7-m f/1.9 Catalina Schmidt
Telescope with an 8 deg2 field of view. Full details of the CSS can
be found in Drake et al. (2009). The observing strategy is to observe
each field in a sequence of four 30-s exposures, spaced evenly over
approximately 30 min, typically reaching V magnitudes of 19–20.
1 Note that only six of the 42 candidate white dwarf plus M dwarf binaries in
Becker et al. (2011) show evidence of a white dwarf in their SDSS spectrum.
Of these only one (SDSS J013851.54−001621.6) has been confirmed as
eclipsing (Parsons et al. 2012c).
The CSS data set consists of fields covered from a few times to
more than 400 times. We used data obtained up to 2011 November.
In order to improve the calibration of the CSS photometry and
hence the associated uncertainties, we decided to perform differ-
ential photometry on the reduced (bias-subtracted and flat-fielded)
CSS images. This also allowed us to identify images in which the
target was not detected (e.g. deeply eclipsing systems).
For each target we produced a series of 10 × 10 arcmin2 image
cut-outs from the CSS data, centred on the target. All of these images
contained a substantial number of additional nearby stars to the main
target. Since, by definition, all the fields had been observed as part of
the SDSS, the additional sources had SDSS magnitudes and could
be used to calculate the zero-point, and hence flux calibrate each
frame. We chose to use the SDSS r-band magnitudes since this
filter most closely approximated the filterless response of the CSS
detectors.
The zero-point of each frame was determined by extracting all
sources within it using SEXTRACTOR (Bertin & Arnouts 1996), and
cross-matching them with the SDSS catalogue, we selected all non-
blended stars with magnitudes of 15 < r < 19.5 and δr < 0.05, as
determined by the appropriate flags in CasJobs (Li & Thakar 2008).
We then took the difference between the extracted magnitudes and
SDSS magnitudes, removed any values more than 2.5σ from the
mean, and took the median value as the zero-point for that frame.
This corrected for any variations in the observing conditions and
also reduced the impact on the zero-point of any genuinely variable
sources in the frame. We also flagged up frames in which the target
was not detected.
3 ECLIPSING SYSTEMS
We visually inspected each light curve in order to identify eclipses.
This was achieved by identifying any points significantly fainter
than the average magnitude of the star (∼2.5σ from the mean), or
any frames in which the target was not detected. We then inspected
the reduced images of each faint point identified to ensure that the
target was not on a bad pixel or the edge of a CCD.
Once we had detected that a system was eclipsing, we attempted
to determine its period. Initially we calculated a periodogram from
the light curve using the Press & Rybicki (1989) method with inverse
variance weights, whereby data with smaller errors are given larger
weightings. We then folded the light curve on the peak frequency
and visually inspected the resultant light curve. In most cases the
light curves showed out-of-eclipse variations due to reflection or el-
lipsoidal modulation effects. In these cases the out-of-eclipse effects
allowed us to find the correct period. However, this approach is not
ideal for systems that show no out-of-eclipse variations (e.g. longer
period systems). The period of these systems could be measured us-
ing a box fit similar to those used in exoplanet transit searches (e.g.
Kova´cs, Zucker & Mazeh 2002). However, since we had knowl-
edge of when the system is both in and out of eclipse, we used a
simpler (and quicker) approach. We folded the data points over a
large range of periods and measured the phase dispersion of the
in-eclipse points. We rejected any period in which the in-eclipse
points are dispersed by more than 20 per cent of the orbital period.
Furthermore, we insisted that there were no out-of-eclipse points
between the in-eclipse points. In all the cases where we used this
approach, it led to a unique period; this is due to the large number
of observations for most targets.
Finally, in order to search for shallower eclipses, we folded all
of our light curves on the peak frequency of their periodogram
and inspected for eclipses. In cases where we would expect
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Table 1. Identified eclipsing systems. The newly discovered systems are shown in bold and their parameters are taken from Rebassa-Mansergas et al. (2012a)
except for SDSS J1021+1744, SDSS J1028+0931 and SDSS J1411+1028 where we have radial velocity information and hence are able to constrain the
white dwarf masses using the mass function. The white dwarf is not visible spectroscopically in SDSS J0745+2631, and SDSS J1307+2156 contains a
featureless DC white dwarf; hence, these systems have no parameters listed for their white dwarfs. For the previously discovered systems, we list the current
best constraints from the literature. References are as follows: (1) Pyrzas et al. (2009), (2) Parsons et al. (2010b), (3) this paper, (4) Drake et al. (2010),
(5) Parsons et al. (2012a), (6) Pyrzas et al. (2012), (7) Nebot Go´mez-Mora´n et al. (2009) and (8) Parsons et al. (2012b).
SDSS Name WD mass WD Teff MS star r mag Period T0 Ref
(M) (K) sp type (d) MJD(BTDB)
SDSS J011009.09+132616.1 0.47 ± 0.20 25 900 ± 427 M4.0 16.86 0.332 686 752(1) 53993.949090(2) 1,2
SDSS J030308.35+005444.1 0.91 ± 0.03 <8000 M4.5 18.06 0.134 437 672 32(25) 53991.1172793(19) 1,2
SDSS J074548.63+263123.4a M2.0 17.46 0.219 263 8284(1) 53387.2495(10) 3
SDSS J082145.27+455923.4 0.66 ± 0.05 80 938 ± 4024 M2.0 17.52 0.509 0912(69) 55989.038796(23) 3
SDSS J083845.86+191416.5 0.39 ± 0.04 13 904 ± 424 M5.0 18.36 0.130 112 25(40) 53495.4541(33) 4
SDSS J085746.18+034255.3 0.514 ± 0.049 35 300 ± 400 M8.0 18.26 0.065 096 538(3) 55552.7127652(8) 4,5
SDSS J090812.04+060421.2 0.37 ± 0.02 17 505 ± 242 M4.0 17.28 0.149 438 1329(27) 53466.333170(36) 4
SDSS J092741.73+332959.1 0.59 ± 0.05 27 111 ± 494 M3.0 18.22 2.308 2217(65) 56074.906137(21) 3
SDSS J093947.95+325807.3 0.52 ± 0.03 28 389 ± 278 M4.0 18.03 0.330 989 655(21) 55587.308823(10) 4
SDSS J094634.49+203003.4 0.62 ± 0.10 10 307 ± 141 M5.0 18.89 0.2528612195(1) 56032.945590(25) 3
SDSS J095719.24+234240.7 0.43 ± 0.03 25 891 ± 547 M2.0 18.06 0.150 870 740(6) 55604.830124(6) 4
SDSS J095737.59+300136.5 0.42 ± 0.05 28 064 ± 848 M3.0 18.78 1.926 1278(10) 56014.975114(32) 3
SDSS J102102.25+174439.9 0.50 ± 0.05 32 595 ± 928 M4.0 19.01 0.140 359 073(1) 56093.90558(12) 3
SDSS J102857.78+093129.8 0.42 ± 0.04 18 756 ± 959 M3.0 15.58 0.235 025 762(1) 56001.093511(94) 3
SDSS J105756.93+130703.5 0.34 ± 0.07 12 536 ± 978 M5.0 18.66 0.125 162 115(23) 56010.062214(14) 3
SDSS J121010.13+334722.9 0.415 ± 0.010 6000 ± 200 M5.0 16.16 0.124 489 764(1) 54923.033686(6) 6
SDSS J121258.25−012310.2 0.439 ± 0.002 17 707 ± 35 M4.0 16.94 0.335 870 93(13) 54104.20917(48) 7,8
SDSS J122339.61−005631.1 0.45 ± 0.06 11 565 ± 59 M6.0 18.04 0.090 0780(13) 55707.0169865(72) 3
SDSS J124432.25+101710.8 0.40 ± 0.03 21 168 ± 435 M5.0 18.34 0.227 8562(2) 53466.3618(11) 4
SDSS J130733.49+215636.7 <8000 M4.0 17.42 0.216 322 1322(1) 56007.221371(16) 3
SDSS J132925.21+123025.4 0.35 ± 0.08 12 250 ± 1032 M8.0 17.51 0.080 966 2550(14) 55271.05481841(97) 4
SDSS J134841.61+183410.5 0.59 ± 0.02 15071 ± 167 M4.0 17.19 0.248 431 48(1) 53833.3425(1) 4
SDSS J140847.14+295044.9 0.49 ± 0.04 29 050 ± 484 M5.0 18.96 0.191 790 270(24) 56112.91291(18) 3
SDSS J141057.73−020236.6 0.47 ± 0.06 29 727 ± 508 M3.0 18.85 0.363 497(25) 53464.4880(36) 4
SDSS J141134.70+102839.7 0.36 ± 0.04 30 419 ± 701 M3.0 19.13 0.167 509 90(10) 56031.172782(48) 3
SDSS J141536.40+011718.2 0.564 ± 0.014 55 995 ± 673 M4.5 17.30 0.344 330 838 759(92) 42543.3377143(30) 8
SDSS J142355.06+240924.3 0.41 ± 0.02 32 972 ± 318 M5.0 17.87 0.382 004 26(32) 53470.39985(18) 4
SDSS J143547.87+373338.5 0.40 ± 0.04 12 392 ± 328 M5.0 17.25 0.125 631 146 65(67) 54148.2035726(35) 1
SDSS J145634.30+161137.7 0.37 ± 0.02 19 149 ± 262 M6.0 18.04 0.229 1202(2) 51665.6720(34) 4
SDSS J223530.61+142855.0 0.45 ± 0.06 21 045 ± 711 M4.0 18.83 0.144 456 4852(34) 55469.065554(86) 3
aNot confirmed as an eclipsing system.
ellipsoidal modulation (e.g. systems with dominant main-sequence
star contributions) we also folded the light curves on half the value
of the peak frequency, since ellipsoidal modulation causes a double-
peaked shape in the light curve.
In total we found 29 eclipsing systems, 12 of which were pre-
viously unknown, and one candidate eclipsing PCEB which needs
better quality photometry for confirmation. This increases the num-
ber of confirmed eclipsing PCEBs by more than 20 per cent from
37 to 49. All our identified eclipsing systems are detailed in
Table 1. CSS light curves of the newly identified eclipsing sys-
tems are shown in Fig. 1, and their SDSS spectra are shown in
Fig. 2.
The distribution of all known eclipsing PCEBs with SDSS spec-
troscopy in the (u − g, g − r) colour plane is shown in Fig. 3. This
illustrates that our newly discovered eclipsing PCEBs generally
contain M stars with slightly earlier spectral types than the previ-
ously known eclipsing systems. This is unsurprising given that the
majority of the previously known eclipsing PCEBs in this sample
were found by Drake et al. (2010) in a search for transiting plan-
ets around white dwarfs. The colour selection used in the Drake
et al. (2010) study was biased towards systems dominated by the
white dwarf, meaning that systems with earlier main-sequence star
spectral types were missed.
The orbital period distribution for all the SDSS eclipsing PCEBs
is shown in Fig. 4, as well as the period distribution of all SDSS
PCEBs from Nebot Go´mez-Mora´n et al. (2011). Unsurprisingly, our
systems generally have shorter periods; this is primarily due to the
fact that shorter period systems can be eclipsing over a wider range
of inclinations. However, we have detected two eclipsing PCEBs
with periods in excess of 1.9 d. This is much longer than the previous
longest period eclipsing PCEB, V471 Tau, which has a period of
only 0.52 d, although, as Fig. 4 shows, several non-eclipsing PCEBs
have been found with periods this long, or longer (Nebot Go´mez-
Mora´n et al. 2011; Rebassa-Mansergas et al. 2012b). Our ability
to detect these systems is due to the long baseline provided by the
CSS.
3.1 System parameters
The masses, white dwarf temperatures and main-sequence star spec-
tral types were all taken from the catalogue of Rebassa-Mansergas
et al. (2012a). These were determined by decomposing and fit-
ting the SDSS spectra (see Rebassa-Mansergas et al. 2007, for a
detailed explanation). In brief, the technique first determines the
spectral type of the main-sequence star by fitting the SDSS spec-
trum with a two-component model. The main-sequence component
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Figure 1. Phase-folded CSS light curves of the newly identified eclipsing PCEBs.
is then subtracted and the residual white dwarf spectrum is fitted
with a model grid of white dwarfs from Koester (2010) to determine
its temperature and surface gravity; the mass is then determined us-
ing a mass–radius relation for white dwarfs (Bergeron, Wesemael
& Beauchamp 1995; Fontaine, Brassard & Bergeron 2001). This
method gives a good first approximation of the stellar parameters,
and in most cases gives results consistent with those obtained from
high-precision studies (e.g. Parsons et al. 2012b). However, as we
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Figure 2. SDSS spectra of the newly identified eclipsing PCEBs. The hydrogen Balmer lines are indicated by red lines (absorption features are from the
white dwarf, emission features indicate an active or irradiated main-sequence star) and the Na I lines are indicated by the green lines (absorption from the
main-sequence star).
will show in Section 5, there are cases in which the deconvolution
technique can give erroneous results.
In principle, the light curves can also be used to constrain the radii
of the two stars and hence the masses via a mass–radius relation.
However, the CSS photometry does not sample the white dwarf
eclipse sufficiently. Our follow-up photometry can only be used to
place a lower limit on the size of the main-sequence star (Rsec/a,
where a is the orbital separation) and an upper limit on the size of
the white dwarf (RWD/a). Therefore, we adopt the decomposition
values for all further discussions.
4 FO L L OW-U P P H OTO M E T RY
We obtained follow-up high-speed photometry of all our newly
identified eclipsing systems. The majority of these systems were
observed with the high-speed camera RISE (Steele et al. 2008) on
the Liverpool Telescope (LT). The robotic nature of the LT makes it
ideal to observe these systems, particularly the longer period ones.
RISE is a frame transfer CCD camera with a single wide-band
V + R filter and negligible dead time between frames. We observed
one eclipse of each of the newly identified systems using exposure
times of between 5 and 25 s, depending upon the brightness of the
target. The raw data are automatically run through a pipeline that
debiases, removes a scaled dark frame and flat-fields the data.
We also observed two systems, SDSS J1223−0056 and
SDSS J2235+1428, with the high-speed camera ULTRACAM
(Dhillon et al. 2007), mounted as a visitor instrument on the New
Technology Telescope (NTT) at La Silla.
In all cases the source flux was determined with aperture photom-
etry, using a variable aperture, whereby the radius of the aperture
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Figure 3. Distribution of quasars (light grey dots), stars (dark grey dots)
and WDMS binaries (open circles, coloured symbols) in the (u − g, g −
r) colour plane. All WDMS binaries shown here have SDSS Data Release
7 (DR7) spectroscopy. Our input target sample (open circles) included 835
WDMS binaries from Rebassa-Mansergas et al. (2012a) with g < 19 and
good-quality CSS light curves. Analysing the CSS light curves of these
835 systems, we identify 29 eclipsing PCEBs, of which 17 were previously
known (magenta dots) and 12 are new discoveries (red dots). One additional
eclipsing PCEB candidate identified here is marked by the red circle. Addi-
tional known eclipsing PCEBs that have DR7 SDSS spectra but that were
too faint for our magnitude cut are shown as cyan dots. The eclipsing PCEBs
announced by Drake et al. (2009, 2010) are shown by blue crosses.
Figure 4. Period distribution of all SDSS spectroscopically confirmed
eclipsing PCEBs (black) and the orbital period distribution of all SDSS
PCEBs from Nebot Go´mez-Mora´n et al. (2011) (grey). Since our detec-
tion efficiency is high (see Section 7.2), the difference between the two
distributions mainly reflects the (geometric) probability of a system being
eclipsing.
is scaled according to the full width at half-maximum, using the
ULTRACAM pipeline (Dhillon et al. 2007). Variations in observ-
ing conditions were accounted for by determining the flux relative
to nearby comparison stars.
The follow-up light curves of all the confirmed eclipsing systems
are shown in Fig. 5. We list the mid-eclipse times (T0) from our
follow-up observations in Table 1.
5 N OT E S O N I N D I V I D UA L S Y S T E M S
5.1 SDSS J074548.63+263123.4
SDSS J0745+2631 was classified as a WDMS binary due to a slight
blue excess; there is no spectroscopic evidence of a white dwarf in
this system. The CSS light curve of this system shows very large
ellipsoidal modulation, but only marginal evidence of an eclipse.
The top-left panel of Fig. 6 shows the CSS light curve of this system
folded over its 5.2-h period. The amplitude of this ellipsoidal modu-
lation is related to the Roche lobe filling factor of the main-sequence
star. For SDSS J0745+2631 the amplitude is almost 0.3 mag, which
is the maximum possible value, implying that the main-sequence
star almost fills its Roche lobe. The amplitude is also related to the
orbital inclination, the large amplitude in this case implying that
the inclination is high. Given that the flux of this system is dom-
inated by the main-sequence star at visible wavelengths, with no
white dwarf features seen in the SDSS spectrum (top-right panel of
Fig. 6). Therefore, we would expect any eclipse to be shallow and
may be beyond the precision of the CSS data.
We determined which of the minima in the CSS light curve of
SDSS J0745+2631 corresponded to phase zero (the putative eclipse
of the white dwarf) using the radial velocity measurements from the
SDSS subspectra. In this case, there were only three measurements
of the Na I 8200 Å doublet all occurring at a similar orbital phase,
with values ∼250 km s−1 (bottom-left panel of Fig. 6). These obser-
vations were obtained near quadrature (either phase 0.25 or 0.75)
and hence must have been taken at phase 0.25 (since at phase 0.75,
we would expect the lines to be blueshifted rather than redshifted),
which allowed us to determine which minima corresponded to phase
zero.
Our follow-up RISE light curve is shown in the lower-right panel
of Fig. 6. There is some evidence of a shallow dip around phase
zero. However, the rapidly rotating M2 star is likely to be active,
and hence we would expect it to flare occasionally. A couple of
unfortunately timed flares would give the same shape as a shallow
eclipse, meaning that, from this one observation alone, we cannot
confirm the eclipsing nature of this binary. Observations at bluer
wavelengths, where the contribution from the white dwarf is larger,
may reveal the eclipse.
5.2 SDSS J082145.27+455923.4
With a temperature of 80 000 K, the 0.66 M white dwarf in
SDSS J0821+4559 is the hottest white dwarf known in an eclipsing
PCEB and a reflection component is easily visible in the CSS light
curve. The binary has a fairly long period of 12.2 h. It also contains
a main-sequence star with one of the earliest spectral types, M2, in
an eclipsing PCEB. The SDSS spectrum is dominated by the hot
white dwarf. The Na I 8200 Å absorption doublet from the M star
is also tentatively detected.
5.3 SDSS J092741.73+332959.1
SDSS J0927+3329 is the longest period eclipsing white dwarf bi-
nary currently known, with a period of 2.3 d (55.4 h). The 0.59 M
white dwarf is relatively hot, but no out-of-eclipse variations are
seen in the CSS data. Both components are easily detected in the
SDSS spectrum.
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Figure 5. Follow-up light curves of the newly identified eclipsing systems. All the data were obtained using RISE on the LT except for SDSS J1223−0056
and SDSS J2235+1428 which were obtained using ULTRACAM on the NTT (the r-band eclipses are shown here). The dip seen in the light curve of
SDSS J1021+1744 is likely caused by material ejected from the main-sequence star moving in front of the white dwarf. There also appears to be a flare from
the main-sequence star during the egress of the white dwarf.
5.4 SDSS J094634.49+203003.4
SDSS J0946+2030 contains a relatively cool 0.62 M white dwarf
with an M5 main-sequence companion in a 6.1-h binary. Little vari-
ation is seen in the light curve outside the eclipse. Both components
are well detected in the SDSS spectrum.
5.5 SDSS J095737.59+300136.5
Its period of 1.9 d (46.2 h) means that SDSS J0957+3001 has
the second longest period of all known eclipsing PCEBs, behind
SDSS J0927+3339. Unsurprisingly, there is no evidence of out-of-
eclipse variations in the CSS data. Both components are visible in
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Figure 6. Top left: CSS light curve of SDSS J0745+2631 showing large ellipsoidal modulation. The amplitude of this modulation is almost at the maximum
possible value (∼0.3 mag), implying that the main-sequence star is close to filling its Roche lobe. It also implies that the inclination of the system is high.
Top right: SDSS spectrum of SDSS J0745+2631 showing that the M star dominates the overall flux at optical wavelengths. Bottom left: radial velocity
measurements of the Na I 8200 Å doublet folded on the orbital period. Although these measurements cannot be used to measure the radial velocity amplitude
of the M star, they allowed us to determine which of the minima in the CSS light curve corresponded to phase zero (the eclipse of the white dwarf). Bottom
right: follow-up LT/RISE light curve of SDSS J0745+2631 around the orbital phase of the putative white dwarf eclipse. The light curve appears to show a
shallow eclipse-like feature superimposed on top of the ellipsoidal modulation. However, small flares from the M star could cause a similar feature, and we are
unable to say with certainty that the system is eclipsing. Photometry at shorter wavelengths, where the contribution from the white dwarf is larger, and hence
the eclipse deeper, will prove if this system is eclipsing or not.
the SDSS spectrum. The hot white dwarf has a fairly low mass of
0.42 M and is hence likely to have a helium core.
5.6 SDSS J102102.25+174439.9
The CSS light curve of SDSS J1021+1744 is dominated by the
main-sequence star, and there is a clear ellipsoidal modulation com-
ponent. Our follow-up LT/RISE photometry revealed a large dip in
the brightness of the system ∼15 min after the end of the eclipse
(see Fig. 5). There is also some evidence for a flare from the main-
sequence star occurring during the egress of the white dwarf. It is
possible that this dip is caused by material ejected during this flare
(or a previous flare) passing in front of the white dwarf; similar fea-
tures have been seen in the eclipsing PCEB QS Vir (O’Donoghue
et al. 2003; Parsons et al. 2011b). If this is the case, then a large
amount of material must have been ejected, since almost half of the
white dwarf’s flux is blocked.
The SDSS spectrum is in fact a composition of 10 subspectra. The
radial velocity measurements of the Na I 8200 Å absorption doublet
reported by Rebassa-Mansergas et al. (2012a) combined with our
ephemeris allowed us to measure the radial velocity amplitude of
the main-sequence star as Ksec = 235 ± 9 km s−1, with a systemic
velocity of γ = −20 ± 6 km s−1 (see Fig. 7). With this information,
and the orbital period, we can constrain the mass of the white dwarf,
using the mass function
f (MWD) = (MWD sin i)
3
(MWD + Msec)2 =
PorbK
3
sec
2πG
. (1)
For a given inclination, i, equation (1) defines the relationship be-
tween MWD and Msec. The lower left-hand panel of Fig. 7 shows
this relationship for SDSS J1021+1744 for an inclination of 90◦
and 75◦, the probable range over which the system is eclipsing.
Also shown are the limits on the masses of the two stars from the
deconvolution of the SDSS spectrum. It is clear that the mass of the
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Figure 7. Radial velocity curves (top) and mass function plots (bottom) for SDSS J1021+1744 (left), SDSS J1028+0931 (centre) and SDSS J1411+1028
(right). The dashed lines on the mass function plots indicate the limits on the mass of the main-sequence star (horizontal) and white dwarf (vertical) based on
the spectral deconvolution. In all cases the implied mass of the white dwarf is lower than that determined from the spectral deconvolution.
white dwarf from the deconvolution (1.06 ± 0.09 M) is a substan-
tial overestimate since the main-sequence star would have to have a
mass in excess of 1 M, certainly not an M dwarf. Assuming that
the constraint on the mass of the secondary star is correct, the mass
of the white dwarf is closer to 0.5 M. This discrepancy could be
caused by the fact that this system is faint and the signal-to-noise
ratio of the SDSS spectrum is low. Furthermore, the main-sequence
star dominates the spectrum; hence, the fit to the few white dwarf
features visible is relatively poor.
5.7 SDSS J102857.78+093129.8
SDSS J1028+0931 is the brightest of our new eclipsing systems and
has a period of 5.6 h. The flux is dominated by the main-sequence
star at visible wavelengths, although the white dwarf’s features are
still visible in the SDSS spectrum. The CSS light curve shows evi-
dence of ellipsoidal modulation. There are 13 SDSS subspectra for
this object. Rebassa-Mansergas et al. (2012a) measured the radial
velocity of the main-sequence star from the Na I 8200 Å absorption
doublet for each of these subspectra. Using these measurements and
our ephemeris, we were able to determine that the radial velocity
amplitude of main-sequence star is Ksec = 164 ± 5 km s−1, with
a systemic velocity of γ = 12 ± 4 km s−1 (upper-centre panel of
Fig. 7).
As with SDSS J1021+1744, we can use the Ksec measurement
to constrain the mass of the white dwarf. The lower-centre panel of
Fig. 7 shows the relationship between MWD and Msec for high incli-
nations. Like SDSS J1021+1744, the mass of the white dwarf from
the deconvolution (0.80 ± 0.04 M) is a substantial overestimate.
Assuming that the constraint on the mass of the secondary star is
correct, the mass of the white dwarf is roughly 0.42 M. However,
like SDSS J1021+1744, the SDSS spectrum is dominated by the
main-sequence star to such an extent that it may have affected the
fit to the white dwarf features.
5.8 SDSS J105756.93+130703.5
The mass of the white dwarf in SDSS J1057+1307 determined
from the spectral decomposition of the SDSS spectrum is 0.34 M
(Rebassa-Mansergas et al. 2010), making it the lowest mass white
dwarf in all our new eclipsing systems and likely to have a helium
core. The SDSS spectrum is dominated by the white dwarf, but there
are some features from the main-sequence star at long (>7000 Å)
wavelengths. The orbital period is almost exactly 3 h.
5.9 SDSS J122339.61-005631.1
SDSS J1223−0056 was observed with ULTRACAM mounted on
the NTT as part of a project to detect pulsating white dwarfs in
WDMS binaries. No pulsations were seen, but an eclipse was
recorded. Therefore, we knew in advance that we might see eclipses
in the CSS light curve of this system. SDSS J1223−0056 is a par-
tially eclipsing system, and hence the eclipse only lasts around
5 min (see Fig. 5). Nevertheless, three CSS observations were taken
in eclipse. The CSS light curve also shows some evidence of ellip-
soidal modulation. This system has the shortest orbital period of all
our newly discovered eclipsing systems, 2.1 h. The white dwarf has
a low mass of 0.45 M, making it likely to be a helium core white
dwarf. The main-sequence star has a spectral type of M6, making it
the latest spectral type from all our new eclipsing systems.
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5.10 SDSS J130733.49+215636.7
The white dwarf in SDSS J1307+2156 is a DC white dwarf, and
hence has a featureless spectrum. Therefore, we have no informa-
tion on its mass. The temperature of the white dwarf is limited
to <8000 K based on the lack of Balmer absorption lines and a
Galaxy Evolution Explorer (GALEX) near-ultraviolet (UV) mag-
nitude of 21.05 ± 0.22. Our follow-up LT/RISE photometry of
the eclipse revealed a very sharp ingress and egress, lasting ∼25 s
each (see Fig. 5). The short duration of these features implies that
the white dwarf is quite small and is therefore likely to be quite
massive. However, radial velocity information is needed in order
to constrain the white dwarf’s mass. The CSS light curve also
shows evidence of ellipsoidal modulation over the 5.2-h orbital
period.
SDSS J1307+2156 is only the second known eclipsing non-
DA white dwarf after SDSS J0303+0054 (Pyrzas et al. 2009;
Debes et al. 2012). There are five other non-DA white dwarfs
in (non-eclipsing) PCEBs (Nebot Go´mez-Mora´n et al. 2011).
Interestingly, all these white dwarfs are featureless DC white
dwarfs; there is currently no known DB white dwarf in a PCEB.2
This deficit is significant because 27 WDMS systems with DB
white dwarfs have been spectroscopically followed up in or-
der to determine whether they are close PCEBs (Nebot Go´mez-
Mora´n et al. 2011; Rebassa-Mansergas et al. 2012a). None of
these showed any radial velocity variations, despite the fact that
we would expect ∼1/3 to be PCEBs (Schreiber et al. 2010;
Rebassa-Mansergas et al. 2011); hence, this deficit appears to be
genuine.
The lack of DB white dwarfs in PCEBs is likely due to the white
dwarf accreting some of the wind of its main-sequence companion.
Wind accretion rates on to white dwarfs in PCEBs are of the order
of 10−15 M yr−1 (Debes 2006; Tappert et al. 2011; Parsons et al.
2012b; Pyrzas et al. 2012), meaning that the white dwarf will accrete
10−7 M of hydrogen in 100 Myr. The hydrogen in this wind will
form a layer on the surface of the white dwarf, turning a DB white
dwarf in to a DA white dwarf. However, DC white dwarfs are much
cooler and have much deeper outer convection zones (Dufour et al.
2007) which mixes the accreted hydrogen to such a low level that
it is invisible. Hence, we would still expect to see DC white dwarfs
in PCEBs, as we do.
5.11 SDSS J140847.14+295044.9
The 0.49 M white dwarf in SDSS J1408+2950 is relatively hot
causing a small reflection effect, evident in the CSS light curve. It
has an orbital period of 4.6 h. The SDSS spectrum is dominated
by the white dwarf; however, a large emission component is visible
in the Hα line. This emission is much stronger than in any of
the other new eclipsing systems. Some of the main-sequence stars
in the other systems are more highly irradiated than the one in
SDSS J1408+2950, meaning that this emission could also be due
to activity on the main-sequence star.
2 Raymond et al. (2003) claim to observe a 150 km s−1 radial velocity vari-
ation in the DB+MS binary SDSS J144258.47+001031.5, based on two
measurements. However, no variations are seen in the 18 radial velocity
measurements listed in Rebassa-Mansergas et al. (2012a); hence, we con-
clude that the measurements of Raymond et al. (2003) are erroneous and
this system is in fact a wide binary.
5.12 SDSS J141134.70+102839.7
Tappert et al. (2011) first presented evidence that
SDSS J1411+1028 was a PCEB. Nebot Go´mez-Mora´n et al.
(2011) determined its period as 4.0 h and measured the radial
velocity amplitude of main-sequence star as Ksec = 168 ± 4 km s−1.
Due to its eclipsing nature, our CSS photometry gives tighter
constraints on its period. We also detect a reflection component in
the out-of-eclipse light curve. The spectrum is dominated by the
relatively hot white dwarf.
Since we have a measurement of the radial velocity amplitude
of the main-sequence star, we can use it to constrain the mass of
the white dwarf. The lower right-hand panel of Fig. 7 shows the
relationship between MWD and Msec for high inclinations. As with
the two other systems where we have radial velocity information,
the mass of the white dwarf determined from the deconvolution
of the SDSS spectrum (0.54 ± 0.08 M) is an overestimate, al-
though the discrepancy is smaller in this case. Assuming that the
constraint on the mass of the secondary star is correct, the mass of
the white dwarf is roughly 0.36 M, making it a firm helium core
candidate. In this case the low signal-to-noise ratio of the SDSS
spectrum may have contributed to this overestimation.
5.13 SDSS J223530.61+142855.0
Like SDSS J1223−0056 we had prior knowledge that
SDSS J2235+1428 was an eclipsing system. The radial veloc-
ity of the main-sequence star was observed to change by almost
500 km s−1 between two nights, implying that the system was not
only a PCEB, but also a high-inclination system. Subsequent pho-
tometric follow-up revealed that the system was eclipsing and that
its period was 3.4 h. The deep white dwarf eclipse is clearly visible
in the CSS light curve. However, there is little out-of-eclipse varia-
tion. The SDSS spectrum is dominated by the white dwarf. The Na I
8200 Å absorption doublet from the main-sequence star is just visi-
ble. With a mass of 0.45 M the white dwarf in SDSS J2235+1428
is another helium core candidate.
6 N ON-ECLI PSI NG PCEBs
As noted in Section 3, we performed a period search on all of
our light curves to search for shallower eclipses. However, this
approach also revealed the periods of several non-eclipsing systems
via reflection or ellipsoidal modulation effects.
Since these effects can be quite small, we used four different
period analyses: Scargle (Scargle 1982), a straight power spectrum,
analysis of variance (Schwarzenberg-Czerny 1989) and ANoVA
(Schwarzenberg-Czerny 1996). We consider the period robust if all
four methods give, within one harmonic, the same period.
Using photometry to identify and determine the periods of PCEBs
is not particularly efficient. A much better approach is to try to
detect radial velocity variations, since these are easier to detect
and much less biased towards hot white dwarfs, short periods and
large Roche lobe filling factors. This approach has already led to
the discovery of dozens of PCEBs (Rebassa-Mansergas et al. 2007,
2010, 2011; Schreiber et al. 2008, 2010; Nebot Go´mez-Mora´n et al.
2011). Nevertheless, using the CSS photometry we were able to
determine the periods of 13 PCEBs, including the previously known
PCEB SDSS J1559+0356, for which we measure the same period
as Nebot Go´mez-Mora´n et al. (2011). These non-eclipsing systems
are detailed in Table 2.
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Table 2. Non-eclipsing PCEBs identified from the CSS photometry. Systems were identified using either a reflection effect (R) or
ellipsoidal modulation (E). Stellar parameters are taken from Rebassa-Mansergas et al. (2012a).
SDSS Name WD mass WD Teff Sp type of r mag Period Type Amplitude
(M) (K) MS star (d) (mag)
SDSS J074807.22+205814.2 0.52 ± 0.06 86726 ± 7788 M2.0 18.55 0.072 054 55(1) R 0.035
SDSS J080304.61+121810.3 1.04 ± 0.27 15071 ± 2261 M2.0 17.14 0.572 3126(29) E 0.023
SDSS J083618.61+432651.5 0.46 ± 0.03 24726 ± 521 M3.0 17.98 0.196 898 03(95) R 0.049
SDSS J091211.01+442057.8 M0.0 17.30 0.731 1376(50) E 0.052
SDSS J091216.37+234442.5 0.69 ± 0.03 30071 ± 245 M3.0 17.66 0.263 5582(5) R 0.065
SDSS J113316.27+270747.6 0.56 ± 0.05 72971 ± 4638 M1.0 18.00 0.178 1628(12) R 0.023
SDSS J114509.77+381329.2 M4.0 15.95 0.190 037 99(27) E 0.027
SDSS J115857.33+152921.4 0.80 ± 0.10 36996 ± 1203 M3.0 18.86 0.066 663 28(14) R 0.053
SDSS J122630.86+303852.5 0.40 ± 0.01 30071 ± 66 M3.0 16.41 0.258 6905(9) R 0.061
SDSS J122930.65+263050.4 1.04 ± 0.08 21045 ± 820 M3.0 17.30 0.671 1480(66) E 0.045
SDSS J155904.62+035623.4a 0.68 ± 0.09 48212 ± 2446 18.58 0.094 3473(1) R 0.120
SDSS J162558.25+351035.7 K7.0 17.40 0.385 6815(25) R 0.062
SDSS J173002.48+333401.8 0.44 ± 0.03 47114 ± 1176 18.39 0.156 9473(3) R 0.140
aFound by Nebot Go´mez-Mora´n et al. (2011).
7 D ISC U SSION
7.1 The percentage of eclipsing systems
Among our 835 objects, roughly one-third (∼280) will be close
PCEBs (Schreiber et al. 2010). Of these, 29 are eclipsing (∼10 per
cent). To test if this relatively high percentage is consistent with
our current knowledge of PCEBs, we simulated the light curves
of a population of PCEBs with random inclinations and measured
the percentage that were eclipsing. We used the period distribution
of Nebot Go´mez-Mora´n et al. (2011) and the white dwarf mass
distribution of Zorotovic, Schreiber & Ga¨nsicke (2011a). For the
main-sequence star we adopted the mass distribution of Zorotovic
et al. (2011b) and included their correlation between the orbital
period and main-sequence star mass. The combination of these
distributions provided the two stellar masses and the orbital period.
We then used the mass–radius relationship for white dwarfs of
Eggleton, quoted in Verbunt & Rappaport (1988) and the mass–
radius relationship for a 3-Gyr main-sequence star from Baraffe
et al. (1998). We accounted for Roche distortion and reject any
systems in which the secondary star exceeded its Roche lobe, then
tested if the system was eclipsing.
We found that 12 per cent of the simulated PCEBs were eclips-
ing, consistent with the number found in the CSS photometry. We
also simulated populations with different mass distributions and
found that the number of eclipsing systems is very insensitive to
the mass of the white dwarf, due to its small size. However, the
number of eclipsing systems is quite dependent upon the mass of
the main-sequence star, with a larger number of systems eclipsing
with more massive (and hence larger) main-sequence stars. For ex-
ample, scaling the mass distribution of Zorotovic et al. (2011b) to
peak at 0.4 M increases the percentage of eclipsing systems to
15 per cent.
7.2 Completeness
We used our simulated PCEB light curves to test our eclipse de-
tection completeness. For each CSS light curve in our sample, we
took the temporal sampling and created 100 000 synthetic PCEB
light curves and tested how many of the eclipsing systems were
detected. We classified a system as a confirmed eclipsing system if
two or more separate eclipses were detected. The results of this are
Figure 8. Probability of detecting eclipsing PCEBs based on the number
of CSS data points. Each point represents the temporal sampling of a CSS
light curve.
shown in Fig. 8. We found that for light curves with 100 data points,
90 per cent of eclipsing systems were detected, and with 200 data
points 99 per cent of eclipsing systems were detected. Only for light
curves that have less than 100 points is there a reasonable chance of
missing some eclipsing systems (these missed systems are usually
systems with periods in excess of 1 d). Since the majority of our
light curves comprise more than 200 observations (76 per cent), our
overall detection percentage is ∼97 per cent. Therefore, it is very
unlikely that the well-sampled light curves that show no eclipses are
in fact eclipsing systems (and that we have just missed the eclipses).
This simulation did not take into account our ability to visually
detect the eclipse in the CSS data. There could potentially be some
very shallow eclipsing systems which we would not detect due to
the signal-to-noise ratio of the CSS data (e.g. systems with very cool
white dwarfs). Therefore, our completeness calculations should be
viewed as upper limits.
7.3 Long-period systems
Our sample of new eclipsing systems contain two systems with
periods in excess of 1.9 d. These systems are particularly well suited
for studying any long-term orbital period variations, which in some
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cases have been attributed to the presence of planets in orbit around
the binary (Kamin´ski et al. 2007; Beuermann et al. 2010; Parsons
et al. 2010b; Beuermann et al. 2011; Potter et al. 2011). However, the
effects of quadrupole moment fluctuations driven by stellar activity
cycles, known as the Applegate’s mechanism (Applegate 1992), can
complicate the analysis of eclipse time variations by adding noise
on potentially the same scale as that caused by any third body.
The amount of energy required to drive period changes via Apple-
gate’s mechanism scales as (a/R)2, where a is the orbital separation
and R is the radius of the main-sequence star (Applegate 1992).
Therefore, any period variations caused by Applegate’s mechanism
in these longer period systems will be negligible. This makes these
systems ideal to search for planets since Applegate’s mechanism
can be ruled out as the cause of any observed period variations,
leaving few alternative explanations other than the reflex motion of
the binary caused by an unseen body in orbit around them.
7.4 Future evolution
Detached PCEBs are the direct progenitors of CVs. As such they
may provide crucial information for our understanding of CV evo-
lution because, in contrast to CVs, it is possible to determine the
evolutionary state of each PCEB using the temperature of the white
dwarf which provides us with a robust age estimate. Furthermore,
for a given angular momentum loss prescription, one can easily
reconstruct the history of the systems and predict their future.
Following Schreiber & Ga¨nsicke (2003) and Zorotovic et al.
(2011a) we search for PCEBs representative for the progenitors of
the current CV population among the 11 new eclipsing PCEBs in
our sample with reasonable estimates of the stellar masses and WD
temperature (the only system we excluded is the DC white dwarf
system SDSS J1307+2156). We require the CV formation time to
be shorter than the Hubble time and the mass ratio q = Msec/MWD
to be <0.67 as otherwise the (second) mass transfer will be dynam-
ically unstable. With this restriction, only three PCEBs within our
sample can be considered representative for the progenitors of the
current CV population: SDSS J0821+4559, SDSS J0946+2030 and
SDSS J1223−0056. SDSS J0821+4559 is one of the few known
progenitors of CVs that will clearly start mass transfer above the
orbital period gap (Porb = 3.94 h), while SDSS J0946+2030 will
become a CV in the gap (Porb = 2.32 h). The interpretation of
SDSS J1223−0056 as being a CV progenitor is ambiguous, as this
particular system could also be a detached CV evolving through the
gap (Davis et al. 2008). This second possibility appears to be very
reasonable as the system is close to Roche lobe filling and will start
mass transfer in only ∼2.7 Myr, close to the lower boundary of the
period gap at Porb = 2.24 h.
The remaining systems in our sample either have very long CV
formation time-scales (true for the remaining systems containing
carbon–oxygen core white dwarfs) or the second mass transfer will
be dynamically unstable (true for the remaining systems with he-
lium core white dwarfs) or both, which happens to be the case for
the long orbital period PCEB containing a helium core primary
(SDSS J0957+3001).
Finally, we note that the above calculations should be taken as
first-order estimates mostly because of two systematic uncertainties.
First, the stellar masses were derived from fitting the SDSS spectrum
which we have shown to be potentially quite rough (see Fig. 7).
Secondly, we used an empirical spectral type–radius relation to
estimate the radii of the secondary stars; the intrinsic scatter around
any such relation is known to be significant (see Rebassa-Mansergas
et al. 2007, for details).
8 C O N C L U S I O N S
We have analysed the CSS light curves of all WDMS binaries in
the catalogue of Rebassa-Mansergas et al. (2012a) with g < 19,
in a search for new eclipsing systems. We identify a total of 29
eclipsing systems, 12 of which were previously unknown, and one
candidate eclipsing system which needs better quality photometry
for confirmation. This increases the number of known eclipsing
PCEBs to 49. We present high-speed follow-up light curves of all
our newly identified systems, confirming both their eclipsing nature
and their ephemerides.
We find two new eclipsing systems with periods in excess of 1.9 d.
These systems are ideal targets for detecting planets in orbit around
the binary via orbital period variations. This is because a common
source of noise in the eclipse time variations, known as Applegate’s
effect, will have a reduced impact on the timing variations in these
long-period systems.
Our newly discovered systems cover a large variety of parameters.
We find one system with a very hot white dwarf (Teff = 80 938 K), a
system with a featureless DC-type white dwarf and a system with a
very low mass white dwarf (MWD ∼ 0.3 M). The main-sequence
stars span spectral types from M2 to M6.
For three systems we were able to place constraints on the mass
of the white dwarf using measurements of the radial velocity ampli-
tude of the main-sequence star. In all cases the mass is lower than
implied from the deconvolution of the SDSS spectrum. Therefore,
the system parameters of all our newly identified systems are sub-
ject to some uncertainty until more detailed studies (e.g. Parsons
et al. 2010a, 2012b; Pyrzas et al. 2012) are carried out on them.
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